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RE3MRCH MEMORANDUM

EFFECTS OF WING-BODY GEOMETRY ON THE LATERKL-FLUW

ANGUUUTBS AT SUE?50NICSPEEDS

BY FraakS. MaLvestuto, Jr., snd William J. Alford, Jr.

Em4MARY

The lateral flow characteristics in the region of a vertical tail
been investigated experimentaMy and theoretically at low subsonichave

speeds. The effects of changes in wing-body geometry such as nose posi-
tion sad shape, fuselage cross-sectional shape, and wing vertical position
sre described. The theoretical mcdel which approximates the separated
flow phenomena by a shple cylinder-vortexflow is described in an
appendix.

The results indicated that a stiultsmeous change in nose fineness
ratio and length caus.a an unfavorable change in the sidewash angles
along the tail station. The addition of the @ng to the bcdies has a
predondnant effect on the lateral angularities, particularly at very
high @es of ai+ack. The fuselage cross-sectional shape has a marked
effect on the lateral angulsri~ prdxed by the wing-body combinations
at low and moderate angles of attack. At M@ angles of attack where
the effect of the ~ is @ortant, the change h lateral angulsxi~
associated with bcdy cross-sectional shape still may be of the sane order
of ma~itude as the sideslip angle of the airplane. The effect of raistig
the wing vertically on the circular cross-sectionalbody was to cause the
sidewash sngles along the tail station t,obecome more negative.

moDTJcmIv

The estimation of the aerodynamic coefficients of sn airframe, in
psx’titularthe coefficients important.ti stabili@, require a knowledge
of the flow fields associated with the airframe for a varie~ of flight
conditions.

The modern airfrsme, characterized by a thh wing snd a long bcdy
and in flight at high angles of attack, prcihmes h many cases local
fields of separated flow. These separated flows are regions of strong
vertical motion or swirl and can impose Wegular aerodynamic loadings
on parts of the ah’frsme that come under their influence.
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me purpose of the present papff is to present some results of a
low-speed experimental investigation; involving separated flow phenomena.
The object of the experiment-wasto deterndne the effects of body and
wing-bcdy geometry on the lateral or sidewash angles along a line repre-
sent@ a possible vertical-tail station. Ih addition, the results of
a theoretical tivestigationwhich considers the effects of separated flow
are presented and are compared with experiment.

sYMmIs

a “angle of

B singleof

u angle of

attack, deg

sideslip, deg

sidewash, deg ~see fig. 1)

~T (total angle of sidewash, deg $T = f3+ u; see fig. 2)

v sidewash veloci~, positive to the right when viewed frcm the
rear, see fi@re 1, ft/sec

v. free-stream veloci~, ft/sec

Vc crossflow veloci~ in plane normal * fuselage center line,

ft/sec v= = m% + Shl%

M Mach nmnber

z vqtical distance from fuselage surface, positive up, ft

h span of vertical tail, 1.14 ft

mm cmlmmwmom

Presented h figure 1 are configurations used in

.

investigations
made at a velocity of 120 miles per hour (which corresponded to a Reynolds

.nmber of 7.6 x 106 based on the -ori@nal- body length) in the Langley
300 MPH 7- by 10-foot tunnel, in which flow~field surveys were made by
utiliz~ a rake of six Imnispherically headed pressme probes. Each
probe WtLSinstrmmted to measure local pitch and sidesli.pangularities
‘&d dynamic pressure. The location of the survey probes
tivestigat.ion&e shown by the dashed lines labeld %,

cative of a possible vertical tail.location.

~

for the present
which we i@i-



NACARM L55L26a

Presented in fi~e 1 are the plan and side views
wing. The wing had 45° sweepbacltof the quarter-chord

of the bcdy and
line, an aspect

ratio of 4, a taper ratio of 0.3, and NACA 6~AO06 airfoil.sections
parallel to the fuselage center line. Also shown in figure 1 are the
three different fuselage cross-sectional shapes investigated. These
shapes included a circular cross section, a rectangular cross section
with major length horizontal, and a rectangular cross section-with the
major lengbh vertical. For the two rectaqgibr cross sections, the
major length was 50 percent greater than the -or length and all
corners were rounded. For all three fuselages the axial distribution
of cross-sectional axea was identical.

For the fuselage of circular cross section, tests were also made
to determine the effects of changes in nose length and nose shape. The
original ogival nose was moved forwsxd by ~ percent of its length
by the insertion of a cylhdrical section at its base. The second nose
modification was to replace the original nose plus the cylindrical insert
with an elongated ogive.

RESULTS AND DIX!USSION

EPfect of Isolated I?OdyGeometry

The effects of isolated body geometzg, for the circular cross “
section, on the sidewash angulari~ along a vertical line repres=tative
of a possible vertical-tail location are presented in figme. 2 for an
angle of attack of 24° and a sideslip angle of 5°. Shown on the right
are the calculated total angularity contours in a crossflow plane, that
is, in a plane that cuix the body normal to its longitudinal axis.

me symbol Vc represents the cmponent of the free-stream veloci~

in this plane, that is, the crossflow velocity. This velociw makes ~
angle with the vertical because the body is at an angle of sideslip. The
contours we for the case where the flow has separated and can be approx-
titely represental by a vortex pair symmetricallyplaced with respect to
the direction of the crossflow velocity.

The locations and strengths of the vortices were estimated by a
6imple theoretical procedure that is described in the.appendix. This
procedure aliows the esthatlon of the vortex paths and strengths from
the nose to the rear of the body @ is dependent upon a knowledge of
the viscous force acting on the nose or expanding section of the body
and of the viscous-force distribution along the cylindrical afterbody.

The effect of flow separation approximated in terms of the vortex
pati is seen to be important. I& example, along the dashed vertical

“
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line above the body where a vertical tail is genera13y locat~, the
~im is positive fid increases in magnitude as the vortices are
approached. It should be noted that these positive angularities me in
a direction to decrease the angle of sideslip ~ of the airplane and
sre therefore generally considered favorable from stability considera-
tions. Below the vortex pair the singlesare seen to be negative and
quite large in magnitude. In contrast to the positive @es, these
negative angles tend to increase the angle of sideslip and are therefore
considered unfavorable.

h order to show more clesrly the magnitudes and directions of the
sidewash angularities a cross plot of the theoretical values along the
vertical line sre presented on the left part of figure 2, along with
the experimentally detern&ned angles. The chhge in the sign of the
lateral angularities mentioned earlier is now emhient. me qualitative
agreement between the experiment and predicted angularities implies that
the separatd flow is indeed vertical smd that the assmed vortex model
is useful h qualitative studies of the lateral flow.

Effect of Nose Length andNose Shape

The effects of nose length and nme shape on the imduced si.dewash
angle a for the body of circular cross section are presented in fig-
ure 3. !J!heconditions depicted are for an angle of attack of 160 and
an angle of sideslip of 5°.

Consider first the effect of change in nose location. The nose was
moved forward by 50 percent of its length by the insertion of a cylin-
drical segnent at its base. The correspondhg angularity vziriations
with vertical distsnce are seen to show little effect of moving the orig-
inal nose forwszd (fig. 3). The original nose plus the inserted cylin-
drical.section were then replaced by .anew nose of Ogival shape and
having the same length as the originsl nose plus the cylindrical section.
This change in nose geometry has a noticeable effect on the induced side-
wash angubri~ variation and moves the crossover point from positive to
negative sidewash to a higher location relative to the crossover point
for the ori@n81 configuration and for the forward-nose configuration.

Prelimimry theoretical studies indicate that the larger viscous
force associated with this last mentioned mcdtiication of the nose
section results in stronger vortices located higher in the nose-base
plane relative to the other arrangements and hence reslil.tsb the vortex
pair remain@g higher above the afterbody as they travel downstream,
whereby the crossover point from positive to negative singleswas higher,
as shown in figure 3.

— . -.—.—..——
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EE’feetof Body,Cross-Sectional Shape

.

.

.

The effects of body cross-sectional shape on the
angles along the vertical tail station for a mcikrate
~ = 5°) are presented ti figure 4. Shown on the left
results and on the riat are results with a 45° swept

induced sidewash
attitude (a = 8°,
are the wing-off
wing attached to

the b~ies to provide a midtig configuration. Zhe wing-off results
(fig. 4) indicate that for all cross sections, both circul& and rectan-
gular, the variation of the angulari@ with vertical distance is generally
the ssme smd the crossover from positive to negative angularities occurs
at approximately the same vertical distance above the body. It should
be noted, however, that the rectangular cross section ti.thmajor length
vertical gives results that are somewhat more favorable than the others.

From examination of the angulari~ variations for the midwing-body
combination (fig. 4), the effect of wtng-bdy interference for the
different body cross sections is evident, especially on the lateral flow
along the psrt of the tail near the body, where the tail loading is
genera12y predomtusnt. .It is observed that the effect of this inter-
ference is to cause the induced sngulsri~ above the circular fuselage
to become unfavorable (more negative) and to cause the induced smgulari@
above the rectangular shapes to become more favorable (more positive.)
Simikm effects of *g-body interference for the different cross-
section shapes have also been observed at an sagle of attack of I@
and an angle of sideslip of 5°.

b order to give some indication of the angulari~ variation along
the vertical-tail station at a rather high attitude, the results for both
the whg-off and the midwlng configurations at an angle of attack of 24°
and an angle of sideslip of 5° are presented ti figme 5. It is to be
noted that for this high-attitude condition the body-alone results show
a marked effect of body cross section on the flow sepmations and hence
on the fiow-angularity variations. Examination of the w3ng-bdy results
for this high attitude (fig. 7) indicates that the wing vortex streams
predominate. This result might be explained bynot~ that the wtng
dowuwasb field accompan@ng the strong vortex flow of the wing will tend “
to deflect the body vortices and thereby minhnize the effect of body
vortex flow and, hence, of cross section on the lateral angulari~ along
the vertical tail station. Unpublished wing-alone results follow very
close3y the
and SLQpO??t

effects sre

A word
between the

-=i@vuiatiou shown for the wing-body combinations
the statements that for this high attitude the wing-flow
pred~t ●

of caution is necessary regarding the order of differences
angularity characteristics for the dtPferent wing-body

combtitions, which appear small when compared wLth the corresponding
wing-off angularity characteristics. It should be noted that these
apparently small dflferences for the wing-body comb=tion me, in some

~~
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cases, of the order of 5°, which is the angle of sideslip of the config-
uration. These clifferences therefore can contribute to significant
changes in the force and moment contribution of a vertical tadl Wersed
h the flows of the different wing-bciiycombinations.

Effect of Wing Height

The effect of vertical position of the wing on the sidewash angu-
larities aIong the vertical tafi station are presented ti figwe 6 for
the cikcular-cross-sectionwing-body comb-tions. Shown on the left
of the figure are the characteristicsfor the moderate attitude of
a = 80, s = 5° ~ on the right, the characteristics for the high
attitude of a = , $=5°9 Presented for”comparison are the body- .
alone chsract=istics for the same attitudes.

At the moderate attitude the high-wing position is seen to be the
least favorable. The wfng in this position tends to deflect somewhat
the body vortices. At the high attitude the predomban t effect of the
wing is again evident. It should be observed that the highqr the ~
is placed on the body, the higher are the wing vortices relative to the
vertical-tail station; and hence the crossover from positive to negative
angulari@ occurs at a higher location along”the vertical-tail station.
This higher location of the crossover point results h a greater portion
of the sqgilsri~ distiibtiion bem negative along the tail station smd,
therefore, an increased unfavorable effect on stabiliw. It should alSO
be noted that, at the high attitude, the effect of wing vertical position
(f=. 6) iS stiouer than the effect of body cross-sectional shape
(fig. 5).

COITCLUDINGIuMARKs

An eqer-tal and theoretical investigation of the
‘ characteristics in the region of a vertical tail hss been
following results are -cated:

1. The concept of a simple vortex model is useful in

lateral flow
discussed. The

the qualitative
-is of the-Sepsrated-flowphenomena associated with an isolated
pointed nose tidy of revolution at an angle of attack.

2. The effect of increastig the length and fineness ratio of the
body nose is to cause an unfavorable contribtiion to the lateral angu-
larities along the vertical-tail station.

—
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3. !J!headdition of a * to the body has a predmtnant effect on
the lateral angularities but the effect of fuselage cross-sectional
shape produces chaqges b the sidewash angles that may be of the-ssme
order of magnitude as the sideslip angle of the ahplane.

k. me effect of raising the wing verticE&LY, on .-thecticti-
cross-section body, is to cause the sidewash angles along the vertical
tail to become more unfavorable.

Langley Aeronautical Mboratov,
National Mvisory Committee for Aeronautics,

Iangley Field, Va., November 2, 1%5.

.

.
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ESmTION OF VORTEXSTRENGTHAITl)POSITIONIN IMSEPLMiE

OF EXTA3TOINGNOSESECTION

!l!heobject of this appendix is to discuss briefly an approximate
method now under wsy at the Langley Laboratory for estimating the posi-
tion and strength of a vortex pati that is assm~ to represent the
vortex wake pattern that exists on the lee side of a slender, potited
nose, lMt@g body of revolution. me wake pattern is by no means as
simple, as is evident from visual studies of the flow made by water-
tank and vapor-screen technl~es (refs. 1 to 4). For slender, potited-
nose bcdies, however, the development of the flow over the expanding
nose section’seems to consist of two well=efined sptial surfaces of
separation that grow continuously as the expand- nose section is
traversed from the front to the resr. llhepredcmdnant effect of this ‘
type of separation seems to occm in planes normal to the longitudinal
sxis of the body, that is, h the so-csXled crossflow planes.

Ih a crossflow plane, fixed in space, that is traversed by the
body, the type of flow separation under discussion appears s~ to
the separated flow about a two-dimensional circular contour that is
hpulsively set in motion. KChisassociation between the body cross-
flow and the two-dimensional cyltier flow was pointed out and discussai
in references 1 smd 2. .

For the present purpose it is tacitly assmwd that the flow sepa-
ration beh= a slowly expandm two-dimensional cylinder moving in a
downwsrd direction is a good approximation to the flow separation h
the ftied crossflow plsne travers@ by the body. me Wplication here
of course is that along the body the separation surfaces grow conically
in the sxial direction. Ih addition, the assumption is made that the
spiral separation s-aces of vorticity can be appro-ted by a poten-
tial vortex pair that are symmetrically located with respect to the
direction of the componemt of the resultant free-stream veloci~ h the ‘
crossflow plane. (See fig. 2.) With these assumptions h mind, it is
clear that the shpl.ified smalytical model that wiKl be used to approxi-
mate the actual flow is that of a two-dimensional.,cylinder-vortex flow
h which the cylhder expands and the flow changes homogeneously with
time. It is to be emphasized that the use of a Cylhder-vofiex-flow
rndel has been considered by other authors to depict the flow over
lM?ting slender btiies. (See refs. 4 to 7.)

a

.— —
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Consider now
trace of the body
this pl~. With

~ 9

the local aerodyn@2 force acting on the cylindrical
in the fixed crossflow plane as the body passes through
respect b a system of axes fixed to the downward nmving

two-dimensional cylinder in this plsne, the local vertical force dll for
zero sideslip may be expressed as follows:

m = mo ,+
[ 1&I + #&7iiri b
Dt

(1)

where

No

-I“

Zi

D/Dt

t

ri

x

The term

slender-body potential-flow force derived by Munk

momentum of fluid induced by vortices in the presence of the
body

location of each vortex relative to the fluid

total differential operator

time, sec

circulation of each vortex (r is absolute value)

axial coordinate of body

21 can be considered as the negative of the to&l. rate of#
JJLI

change of the fluid momentum induced by the vortices in the presence
of the body (ref. 8). !l?helast term PELYbe considered as the concen-
trated force that would be recuxiredto move the vortices with a given—
velocity for unsteady motion (ref. 8).

For the cylinder-vortexflow under
is given by

consideration, the qganti~ I

@@r sin 7 r (2)

where

a.’ local radius of bcdy in crossflow plane

r distance from center of body to vortex elemqnt

7 acute @e between r sad crossflow &Irection
R

b

—- -- .,—.. .— .— —— _-— _
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Now if, as stated previously, it is assm~ that the flow separa-hionis
conical, the vortex pair remains stationary with respect to the expanding
contour of the moving cyl.imh? in the ftied crossflow pme and hence the

concentrated farce term of equation (1) is equal to zero.

mere rema@ to be determined the r&tions between the vortex
strength r andtheposition (r, y) of the vortices. lh the fixed
crossflow pkne the equilibrium position of the vortex pair can be obtatied
from the Foppl relations which rehte the locus of positio~ of the
symmetrical vortex pair to the stiength of the mrtices reg@red for
the vortex pair to r-ti stationsxy. !l!heFoppl relations may be
expressed as

(3)

which is the equation of the curve that the vortices must lie on for
equilitiium. !I!herelation

----

= 2cVcrH(A) (4)

gives the stren@h of the vortices in terms of their position and the
crossflow velocity Vc. Note that r has the required conical varia-

tion with r.

me substitutionof the necessaxy prece&tng relations into
expression (1) for the local force and replacement of dllo by

(ax.)2p*Va2cos a sin a a ~ * *W

)
coordinate :

dN = *V~2cos a

(with X =tVmcosa asthesXial

sin aa da+

()~Vm2cos a sin a ~ -1 (1 - A2)H(h)a da (5)

lilyuse of the relation CN = ~ ~~, equation (5) can be nondimen-

>Vm=fiab’

signalized snd yields, after titegration

radius of the base of the nose section):

t )(
CN.2cosasina+k ~-l 1

fr&a=O tea= ~ (tie .

F“. A2 (7Jcos a sin a (6)

-

— .-._.— ——. --.-—— —
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Equation (6) gives the total force acting on the nose section in
terms of the position of the vortex pati, since y, the singularcoordhate

of the position, is accord@ to relation (3) a function of X = ~. From

equation (6), it is-then possible to determine the position of the vortex

pair provided a knowl~ge of @ or of (CN -2 cos a sin a), the viscous

force, is available. (See refs. 3 and 9.) Once r sad y are lmown
the vortex strength I’ can be determined from equation (4) and the
lateral velocities @ angularities can then, of course, be calculat@
by classical.methods.

H the body haE a cylindrical aftersection, the strength and
position ‘ofthe vortices determined h tne base of the expanding section
will.sde as initial conditions for estimating the vortex path along the
afterbdy, usm the procedures set forth by Jorgensen smd Perkins in
reference 4. This method requires a lmowledge of the viscous force
distribution along the aftevbody sections.

me reader should be caution~ that the preceiMng ffist-order
results for the estimation of vortex position and strength are tents- .
tive. Detailed examination of the assumptions and appro~tions are
needed, particularly in regard to the effect of ~a) the replacement of
the surfaces of separation by a synm&xical vortex pair which introduces
a multivsluedness in the pressure field that is not correct and (b) the
stability of the vortex pair for conical type flows.

It should also be noted that the preceding analysis is for zero
Sideslip● ‘l?hederived relations are, of course, vslid for the sideslip
condition provided that the crossflow velocity Vc for sideslip is used

and the vortices located symmetricallywith respect to this sideslip
crossfluw velocity direction. l?heforce ~ is the force parallel to

this direction.

.— __. — ——— ——-—— .-. ..— .-. . .—4— .
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SKETCHOF WUW-TUNNEL MODEL USED FOR
.SKIEWSH-ANGULARITY MEASUREMENT

/://7

‘-’ ~.\‘.

_____FuH_AGE cm SECTIOM ~D
.=.,_....—-.-—.—..-

Figure 1

ILLUSTRATIONOF CALCULATEDTOTAL SIDEWMH
ANGLMRITIES IN BODYCROSS-FLOW PLANE

CWWLAR CROSS-SEGT!QN ia=24°, fl=5°

E)(PER

“4

TOTAL ANGULARITY :
TOTAL ANGULARITY

A~NGJ&RTICDJ_ : 0
1
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CALC. !
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Figure 2
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EFFECT OF BODY NOSE GHANGESON SIDEWASH ANGULARITY
BO~OF CIRCULAR CROSS-SECTION ‘
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Figure 3

THE EFF13T OF EUh’h’XTDN ON SIDEWASH
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lHE EFFECT OF A BODY CROSS SECTION ON THE
SIDEWASH ANGULARITY

M= O.20; a =24°; f3=5°
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